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Spin transfer torque is a torque exerted on a magnet by transferring spin an-
gular momentum from a current to the magnet. It enables efficient manipula-
tion of nanomagnets using current and can enable important applications. This
dissertation focuses on doing measurements of magnetic dynamics using spin-
torque-driven ferromagnetic resonance (ST-FMR), a technique that gives quan-
titative information about device parameters. This technique not only leads to
deeper understanding of spin torque devices but can also provide an improved
way to characterize devices for applications.
In a spin torque device such as a magnetic tunnel junction, a microwave
current can drive small magnetic oscillations, which yields an oscillating resis-
tance. If a DC current is applied at the same time, an oscillating voltage will
be generated by Ohm’s Law. The first project in this dissertation makes use of
this RF frequency oscillating voltage to perform a quantitative measurement of
spin torque and magnetic damping of the device. The second project discusses
the possibility of making this voltage larger than the input voltage and thus
producing a microwave amplifier.
The same type of magnetic dynamics can be excited using nonlocal spin
torque from a pure spin current. In this dissertation, I also discuss how to quan-
titatively measure the nonlocal spin torque in a 3-terminal device by adapting
the DC-detected ST-FMR technique.
Apart from being detected by electrical measurement, the same magnetic
dynamics can be directly imaged using X-ray Magnetic Circular Dichroism. I
will use a chapter in this dissertation to discuss our progress in doing so and
studying magnetic normal modes, the fundamentals of magnetic dynamics.
Last but not the least, in addition to measure conventional metal devices, I
will talk about our effort in fabricating and measuring spin torque switching in
ferromagnetic semiconductor devices.
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CHAPTER 1
INTRODUCTION
1.1 Spin Transfer Torque
Spintronics research explores the interplay between the spin and charge of elec-
trons in solid-state devices, which can improve efficiency and add new func-
tionalities for electronic devices with memory and logic applications. It not
only leads to important technological applications, but also opens a new field to
study quantum physics and related new materials.
Spintronics covers a broad range of research from single localized spins to
spin transport in devices at the mesoscopic scale. In this dissertation, I would
like to focus on the spin transfer torque (or spin torque for short) effect in
spin transport devices. It describes the interaction between spin currents and
magnetic moments, no matter whether the spin current is generated by spin
filtering[1], spin-orbital coupling[2], or thermal gradients[3].
In this chapter, I will briefly introduce the research progress on spin transfer
torque, including the fundamental physics, application, and characterization of
spin transfer torque. I will also mention some recent discoveries about spin
torque devices that are of both scientific and technological interest.
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1.1.1 Giant Magnetoresistance Effect and Tunneling Magne-
toresistance Effect
The Giant Magnetoresistance (GMR) effect comes from the concept of spin fil-
tering. Spin filtering is observed when a current flows through a magnetic layer.
Here we use a simple physical picture to understand it. If the spin of an electron
is parallel to the magnetization of that layer, it experiences a small scattering
through the layer. If the spin is antiparallel to the magnetization, it experiences
a large scattering through the layer, and it is likely to be reflected back (Figure
1.1 (a)).
In magnetic multilayers, due to spin filtering, when the magnetizations of
the neighboring magnetic layers are parallel, the resistance is at its minimum
(RP); when they are antiparallel, the resistance is at its maximum (RAP). This is
the GMR effect [4, 5] (Figure 1.1 (b)). A GMR spin valve device consists of two
ferromagnets separated by a normal metal spacer. Its magnetoresistance (MR)
ratio
MR =
RAP − RP
RP
× 100%, (1.1)
is typically a few 10’s of percent. The 2007 Nobel physics prize was awarded
to Albert Fert and Peter Gru¨nberg for the discovery of this effect [6] that now
led to the first widely used spintronic device in industry, the GMR read head in
hard disk drives.
If the spacer in the spin valve is replaced by a thin insulator as a tunnel bar-
rier, the device becomes a magnetic tunnel junction (MTJ). The counterpart to
GMR in a MTJ is the Tunnel Magnetoresistance (TMR) effect, which is a quan-
tum mechanical phenomenon. The MR ratio of a TMR device can be in the range
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Figure 1.1: GMR effect: a simple picture. (a) Spin filtering effect. (b) GMR effect.
of a few tens to hundreds of percent. The recent development of MTJs with a
MgO tunnel barrier [7–9] significantly enhanced the TMR ratio. MTJ devices
have been adopted for the current read head technology in hard drives.
The origins of the GMR and TMR effects come from the density of states
near the Fermi level of the ferromagnetic metal, where due to the energy split-
ting of the 3d band, spin up has more filled states than spin down, while near
the Fermi surface, spin up has smaller density of states than spin down (Figure
1.2 (a)). The electron transport in those devices can be divided into spin up and
spin down channels. For spin valves, it can be solved using the Valet-Fert model
[11] with an effective circuit picture (Figure 1.2 (b)). For a MTJ, the tunnel con-
ductance dominates the conductance of the device (Figure 1.2 (c)). The TMR can
3
Figure 1.2: Origin of the GMR and TMR effects. (a) Density of states (DOS) near
the Fermi level for spin up (↑) and spin down (↓) in a ferromagnetic (FM) layer.
(b) Effective circuit for a spin valve device with two ferromagnetic layers. RFM1↑ ,
RFM1↓ , R
FM2
↑ , R
FM2
↓ and R
N are the spin-dependent resistances for ferromagnetic
layer 1 (FM1), ferromagnetic layer 2 (FM2), and the normal metal spacer N. (C)
Spin dependent tunneling across the barrier in a TMR device. Modified from
Reference [10].
be understood qualitatively using the simple Jullie`re model [12]. For a certain
spin channel combination, the tunnel conductance is proportional to the den-
sity of states of the spin channel on both sides of the tunnel barrier. Thus, the
magnetization orientations of the ferromagnetic electrodes have a larger effect
on the MR, which makes the TMR typically much larger than the GMR.
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Figure 1.3: Spin transfer torque. The current becomes spin polarized when pass-
ing through the fixed layer with magnetization ~M. Spin polarized current exerts
the spin torque on the free layer to make it precess. Each blue circle with an
arrow stands for an electron, and the arrow shows the spin orientation of the
electron.
1.1.2 Spin Transfer Torque Effects
Spin transfer torque is the reverse effect of the spin filtering effect, where instead
of the magnet acting on the current, the current is exerting a torque on the mag-
net. As shown in Figure 1.3, the magnetic film has two ferromagnetic layers, the
thick fixed layer with magnetization ~M and the thin free layer with magnetiza-
tion ~m. The current first becomes spin polarized when it goes through the fixed
layer. Then the spin polarized current exerts the spin torque on the free layer to
make it precess.[13–15] The precession driven by spin torque can be described
by the Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equation eq. (1.2) (Figure
1.4).
dmˆ
dt
= −γmˆ × ~Heff + αmˆ × dmˆdt + γ~τ. (1.2)
Here γ is the absolute value of the gyromagnetic ratio; ~Heff is the effective field
acting on the free layer including the applied, demagnetization [16], and ex-
5
Figure 1.4: Directions of spin transfer torque and magnetic damping torque in a
MTJ device as described in the LLGS equation.
change fields; α is the Gilbert damping parameter; τ is the spin torque. The
first term on the right-hand side of the equation is the precession term, the sec-
ond term is the damping term, and the third term is the spin torque term. For
a spin valve, the spin torque lies in the sample plane and orthogonal to the
magnetization. For a MTJ, the spin torque has both in-plane and perpendicular
components (Figure 1.4).
Spin torque enables the manipulation of nanomagnets using current. As
shown in Figure 1.4, spin torque can drive magnetic precession of the free layer.
For in-plane magnetized samples, the precession is strongly elliptical due to the
large demagnetization field. If the spin torque is large enough, it can either
switch the magnetization (Figure 1.5 (a)) or drive it into large angle precession
(Figure 1.5 (b)) depending on the magnetic configuration and applied field. I
will talk about the applications arising from both types of dynamics.
The threshold for a spin torque excitation is determined by the current den-
sity through the cross section of the device (∝ I/r2), while the one for a Oersted
6
Figure 1.5: Spin torque manipulation of nanomagnets. The figure shows trajec-
tories of the magnetization vector in spin-torque-driven dynamics for (a) mag-
netic switching. (b) magnetic precession. Adapted from Reference [15].
field induced reorientation is approximately determined by the current divided
by the radius of the cross section (∝ I/r). In order to make a good use of the spin
torque, the devices have to be made below 250 nm in diameter, in which range
the spin torque is a stronger effect than the Oersted field. The typical critical
current density for spin torque magnetic switching is 106 − 107 A/cm2.
1.2 New Types of Spin Torque and Device Features
1.2.1 Spin Hall Effect
The spin Hall effect is the generation of opposite spin accumulations on the lat-
eral surfaces of an applied charge current [17, 18] (Figure 1.6). The directions of
the charge current, spin current, and the spin polarization of the spin current are
all orthogonal to each other. The spin Hall effect comes from spin-orbital cou-
pling. The mechanism of the spin-orbital coupling can be explained by either
intrinsic band structure theory [19] or extrinsic scattering theory [20].
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Figure 1.6: Spin Hall effect. A charge current composed of electrons with up and
down spins flows through a spin Hall metal. Due to the spin-orbital coupling
interactions, electrons with opposite spins are scattered in opposite directions
forming a spin current perpendicular to the charge current. Then opposite spin
accumulations are built up on the lateral surfaces of the charge current. Adapted
from Reference [17].
The strength of the spin Hall effect can be parameterized by the spin Hall
angle, defined as the ratio of the spin current density to the applied charge cur-
rent density θSH = Js/Je. Large spin Hall angle values are found in heavy metals
(Pt: 0.07 [21], Ta: 0.12-0.15 [22], W: 0.3 [23]) and alloys (CuBi: 0.24 [24]).
The spin Hall effect can be used to apply spin torque to an adjacent mag-
net (Figure 1.7 (a)). That torque is often called spin Hall torque, and it can
also switch the magnetization (Figure 1.7 (b)) or drive magnetic precession [25].
Novel spintronics devices can be made using spin Hall torque that may have
interesting applications.
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Figure 1.7: Spin Hall torque switching. (a) A three-terminal device designed for
spin Hall torque switching. The three terminals are for contacting the two ends
of the spin Hall metal and the top of the MTJ. The charge current flows laterally
through the spin Hall metal. It generates a spin current that applies a spin Hall
torque on the free layer of the MTJ. The resistance is measured between the top
of the MTJ and one end of the spin Hall metal. (b) Differential resistance mea-
surement when scanning DC current through the spin Hall metal layer showing
clear magnetic switching. Adapted from Reference [22].
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Figure 1.8: Magnetic switching induced by voltage controlled magnetic
anisotropy. Adapted from Reference [26].
1.2.2 Voltage Controlled Magnetic Anisotropy
A voltage applied across an insulator in contact with a magnet, which produces
an electrical field at the insulator/magnet interface, can change the anisotropy
of the magnet. This is called voltage controlled magnetic anisotropy (VCMA). It
was first discovered in ferromagnetic semiconductors [27] and multiferroic ma-
terials [28], and electrical field induced magnetic switching has been achieved.
More recently VCMA at the CoFeB/MgO interface of a MTJ was discovered
[26, 29] (Figure 1.8), which directly incorporates VCMA with spin torque de-
vices such as a MTJ.
VCMA at the CoFeB/MgO interface maybe be explained by the change in
the relative occupancy of the 3d-orbitals of Fe atoms at the interface [28]. The
current density for magnetic switching using VCMA can be as low as 1.2 × 102
A/cm2 [26] compared with 106 − 107 A/cm2 for spin torque switching [30]. It
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might enable more efficient electrical control of magnetic devices.
1.2.3 Spin Caloritronics
Spin caloritronics studies the interaction of spins with heat currents [33]. For
example, Figure 1.9 (a) shows thermal spin injection (spin-dependent Seebeck
effect) achieved by flowing a heat current from the injector magnet and detect-
ing the spin accumulation with a small magnetic detector. Figure 1.9 (b) shows
a reverse effect of (a). A heat current is induced by injecting a spin accumulation
into a ferromagnet, which is called spin-dependent Peltier effect. The spin See-
beck effect (Figure 1.10) is the generation of spin voltage from a metallic magnet
in a temperature gradient [34].
Spin caloritronics research might lead to the development of spin based heat
engines, motors, heaters, and coolers. However, so far the effects are small and
will need future material and device engineering to improve the device perfor-
mance [32].
1.3 Applications of Spin Torque Devices
1.3.1 Spin Transfer Torque Magnetic Random Access Memory
The application of Magnetic Random Access Memory (MRAM) uses a magnetic
tunnel junction (MTJ) as a memory cell, and the low and high resistance states
of the MTJ record the bit information ”1” and ”0”. It is a non-volatile memory
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Figure 1.9: Spin-dependent Seebeck effect and Peltier effect. (a) Spin-dependent
Seebeck effect. A charge current I flows through the ferromagnet, FM1, and
heats it up. The normal metal contacts (yellow) are highly thermally conductive
and act as heat sinks. The heat current Q inject spins into the normal metal and
build up spin accumulation there. The spin accumulation is detected by mea-
suring the voltage V on the ferromagnetic detector, FM2. Magnetic field H is
used to manipulate the magnetizations of FM1 and FM2, M1 and M2. Adapted
from Reference [31]. (b) Spin-dependent Peltier effect. Current I is sent through
contacts 1 and 2 to inject spin accumulation into the bottom ferromagnet (blue).
The spin-dependent Peltier signal is detected by measuring the voltage V be-
tween contacts 3 and 4 across the thermocouple. Adapted from Reference [32].
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Figure 1.10: Spin Seebeck effect. In a metallic magnet, spin up and spin down
conduction electrons have different Seebeck coefficients. If the magnet is placed
in a temperature gradient, spin up and spin down will have different accumu-
lations resulting in a spin voltage µ↑ − µ↓. Adapted from Reference [34].
technology that has the potential to replace SRAM, DRAM and NAND and be-
come the ”universal memory” [36]. The first generation of MRAM employs the
Oersted field from an additional wire to write the information on a MTJ (Figure
1.11 (a)).[37] However, the involvement of the write wire makes the MRAM cell
difficult to scale down. Spin transfer torque switching of the magnetic free layer
makes it possible to write the MRAM bit directly with current. Spin transfer
torque MRAM (STT-MRAM) greatly simplifies the memory bit structure and
makes it scalable to future technology nodes (Figure 1.11 (b)).[35, 38]
The magnetic part of the memory cell for STT-MRAM is a MTJ. Compared
with other prototypical memory technologies, STT-MRAM has the advantage
of long endurance and high write speed and a good potential to scale down to
sub 10 nm scale.[39]
The magnetic layers of the MTJ were originally magnetized in-plane (Figure
1.12 (a)). In this case, the shape anisotropy of the free layer with an elliptical
cross section keeps its magnetization in one of the directions along the long
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Figure 1.11: Memory cell architectures for two generations of MRAMs. (a) Field
switched MRAM. The writing of the memory cell is achieved by flowing cur-
rents through both the bit line and the write word line, which allows the selec-
tion of the memory cell at the cross point of the two lines. The reading of the
memory cell is done by flowing a small current through and measuring the volt-
age across the MTJ. (b) STT-MRAM. STT-MRAM uses a large current through
the MTJ to write the memory cell by spin torque switching. The reading mech-
anism is the same as the field switched MRAM. Adapted from Reference [35].
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Figure 1.12: Magnetic configurations of STT-MRAM cells. (a) In-plane magne-
tized configuration. (b) Out-of-plane magnetized configuration using PMA.
axis. However, as the size of the device scales down, it is difficult to maintain
a good cross-sectional aspect ratio. Instead, perpendicular magnetic anisotropy
(PMA) will likely be used to pin the magnetization out of plane (1.12 (b))), so
that a well controlled elliptical cross section is no longer needed. To make PMA
for MTJs, people have tried Co/Pt multilayers[40], L10-FePt[41], and CoFeB-
MgO[30]. More complicated designs of the MTJ are also being developed to
pursue improved device performance. For example, the addition of a orthog-
onal polarizer can provide a large spin torque at the beginning of switching
process [42]. A three-terminal device structure uses a spin valve for the writing
and protects the MTJ from degrading [43].
To increase the area density of devices to replace DRAM, MTJs have to be
made smaller than 30 nm while maintaining good switching performance. This
is a major challenge in developing STT-MRAM products. The energy barrier
between the two stable states has a lower limit in order for a good data retention,
which requires a certain amount of the switching current, while the available
current from a transistor reduces linearly with the gate width [44]. The magnetic
properties such as magnetic damping may also be affected. As the device size
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Figure 1.13: Microwave oscillation driven by a DC current in a spin valve.
Adapted from Reference [45].
shrinks, the aspect ratio increases, and more atoms are along the side wall of the
MTJ pillar that are susceptible to etching damage and non-uniform local field,
which may effect the magnetic properties.
1.3.2 Microwave Oscillators
As discussed in earlier sections, spin torque can drive a magnet to precess
persistently, which produces an oscillating resistance at GHz frequencies. By
Ohm’s law, the oscillating resistance in the presence of a DC current produces
a microwave voltage (Figure 1.13) [45–47]. In addition to single domain type of
devices such as a spin valve or a MTJ, magnetic vortex devices can also generate
microwave oscillations [48, 49].
Spin torque oscillators have good frequency tunability in about the 1-20 GHz
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Figure 1.14: Methods to characterize spin torque devices. Magnetic dynamics is
excited by spin torque and detected using (a) electrical testing or (b) optical/x-
ray imaging.
range, but their linewidths in the microwave spectrum are large, and their emit-
ted power is low. The linewidth and power can be improved by making use of
the local dipole field to synchronize different parts of the same device [48] or
spin waves to couple a few devices to produce coherent oscillations [49, 50].
Spin torque driven microwave oscillators can not only serve as microwave
sources, but also as a magnetic field detectors at the nanoscale. For example,
they might be applied to make the read head sensor in hard drives [51].
1.4 Characterization of Spin Torque Devices
Since spin torque devices have interesting applications, it is important to char-
acterize those devices to understand the device physics and make good use
of them. The major methods are electrical testing and optical/x-ray imaging.
There is also some effort using magnetic force measurement.[52]
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Figure 1.15: Electrical test of spin torque devices. (a) Current induced magnetic
switching in a spin valve device. Adapted from Reference [53]. (b) Microwave
oscillation driven by a DC current in a spin valve device. Adapted from Ref-
erence [46]. (c) Spin torque ferromagnetic resonance (ST-FMR) in a MTJ de-
vice. Adapted from Reference [54]. (d) Time-resolved ST-FMR in a MTJ device.
Adapted from Reference [55].
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1.4.1 Electrical Testing
The most common way to characterize spin torque devices is electrical testing,
as shown in Figure 1.14 (a). An electrical current is sent into the device to exert a
spin torque on the free layer of the device, and electrical signals originating from
the magnetoresistance effect are detected. Electrical testing can be summarized
with four categories of measurements in terms of the frequency of the input
and output signals as shown in Figure 1.15. With a DC input and a DC output
(Figure 1.15 (a)), people have been doing DC current scans while measuring the
resistance, in order to study the current induced switching of the device.[53, 56]
With a DC input and a RF output (Figure 1.15 (b)), the DC current and the exter-
nal field are set to a regime where the current drives persistent magnetic dynam-
ics. The oscillating resistance and the DC current produce a RF voltage output,
which will help us undertand the persistent magnetic dynamics.[46, 57] With a
RF input and a DC output (Figure 1.15 (c)), the RF current will drive the magne-
tization to do small angle oscillation and produce an oscillating resistance. This
resistance mixes with the RF input current and produces a DC component in
the output signal to be measured. This is the type of measurement named spin
torque ferromagnetic resonance (ST-FMR). It can provide information including
the strength of the spin torque and the magnetic damping of the device.[54, 58]
With a RF input and a RF output (Figure 1.15 (d)), small magnetic oscillation is
driven by the RF input and produce an oscillating resistance. If a DC current
is also applied, by Ohm’s Law, a RF voltage can be produced and transmitted
out of the device. By measuring that RF output, an time-resolved version of
ST-FMR can be made.[55]
Although the electrical testing has been developed since the first generation
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Figure 1.16: X-ray imaging of the DC-pulse-driven magnetic switching in a spin
valve device. The panels show evolution of the magnetization during the pulse
sequence for spin torque switching. The magnetization is interpreted from the
x-ray transmission data. Adapted from Reference [59].
of spin torque devices, making quantitative measurements of the spin torque
as a function of bias and doing it in an efficient way remain challenging. I will
address those challenges and talk about work on the last two categories of mea-
surement (RF in DC out, RF in RF out) in detail in the following chapters.
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1.4.2 Optical/X-Ray Imaging
An additional way to characterize spin torque devices is to make use of the in-
teraction between light and the magnetic element and directly image the mag-
netic dynamics with spatial and time resolution (Figure 1.14 (b)). The Magneto-
Optical Kerr effect (MOKE) can be used to image domain-wall motion driven
by the spin torque from a current flowing laterally.[60] For nanopillar devices,
X-ray Magnetic Circular Dichroism can be used to image the magnetic dynam-
ics driven by a current perpendicular to plane (Figure 1.16).[59] Since x-rays
have a short wavelength, and high penetration through materials, they provide
high spatial resolution, and they are able to image layers through the sample
thickness.
Magnetic dynamics driven by DC pulses has been imaged using those meth-
ods. However, in order to understand the magnetic dynamics better, individual
dynamical modes have to be identified and studied. I will discuss the work
following that line in a following chapter.
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CHAPTER 2
NETWORK ANALYZER MEASUREMENTS OF SPIN TRANSFER
TORQUES IN MAGNETIC TUNNEL JUNCTIONS
In this chapter, we first review the methods to quantitatively measure spin
transfer torque. We then focus on demonstrating a simple network-analyzer
technique to make quantitative measurements of the bias dependence of spin
torque in a magnetic tunnel junction. We apply a microwave current to exert an
oscillating spin torque near the ferromagnetic resonance frequency of the tunnel
junctions free layer. This produces an oscillating resistance that, together with
an applied direct current, generates a microwave signal that we measure with
the network analyzer. An analysis of the resonant response yields the strength
and direction of the spin torque at non-zero bias. We compare to measurements
of the spin torque vector by time-domain spin-torque ferromagnetic resonance.
The work discussed in this chapter was published in Reference [61].
2.1 Review of the Methods to Quantitatively Measure Spin
Transfer Torque
Spin transfer torque provides the possibility of efficiently manipulating the
magnetic moment in a nanoscale magnetic device using applied current.[13–15]
Understanding the strength of the spin torque, and particularly its bias depen-
dence, is important for applications that include spin torque magnetic random
access memory and frequency-tunable microwave oscillators.[35] Several dif-
ferent techniques have been developed to measure the voltage bias dependence
of the spin torque vector in magnetic tunnel junctions (MTJs), with results that
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Figure 2.1: Previous methods to measure spin torque. (a) Thermal FMR mea-
surement. Magnetic dynamics is excited thermally, and microwave spectra are
measured across a range of frequencies. Adapted from Reference [57]. (b) Fits
to switching phase diagram. Adapted from Reference [62].
in some cases are inconsistent with each other. These include measurements of
the bias dependence of the magnetic precession frequency and linewidth (Fig-
ure 2.1 (a)),[57, 63–67] fits to the statistics of magnetic switching as a function of
current and magnetic field (Figure 2.1 (b)),[62, 68] and analyses of the current
dependence of magnetic astroids and switching phase diagrams,[69, 70]. Those
methods excite magnetic dynamics at all frequencies. They can measure spin
transfer torques if used carefully. However, heating and nonuniform dynamics
can produce artifacts.
Spin torque ferromagnetic resonance uses a microwave frequency current to
drive small angle resonant magnetic dynamics in the linear regime (Figure 2.2
(d)) and produce an oscillating resistance. It can provide information about the
device including strength of the spin torque, magnetic damping, and demagne-
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Figure 2.2: ST-FMR measurement. (a) DC-voltage-detected ST-FMR. The DC
component of the mixing voltage is measured as a function of the microwave
frequency. Adapted from Reference [71]. (b) Time-domain detection of ST-
FMR. High frequency voltage signal is measured in the time domain at the scale
of about 1 nanosecond. Adapted from Reference [55]. (c) Results in terms of
torkance for both in-plane and perpendicular components of the spin torque in
a MTJ. Adapted from Reference [55]. (d) Small angle resonant magnetic dynam-
ics driven by a microwave current.
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DC-detected Time-domain
Equipment
microwave generator,
lock-in amplifier
microwave generator,
high-bandwidth oscilloscope,
pulse generators
Advantage
rapid, easy to
implement
can reach high bias
beyond DC
break-down voltage
Disadvantage
artifacts at middle bias
range and above
does not work
for zero bias
Voltage Range low bias middle and high bias
Table 2.1: Comparison between the two conventional ST-FMR techniques
tization field. DC-voltage-detected spin torque ferromagnetic resonance (Figure
2.2 (a)),[71–73] measures the DC component in the mixing of the microwave cur-
rent and the oscillating resistance
Vmix = (IRFcos(ωt)∆Rcos(ωt)) |DC. (2.1)
Time-domain detection of ST-FMR (Figure 2.2 (b)) measures the microwave fre-
quency signal from the mixing of an applied DC current and the oscillating
resistance [55]
V(t) = IDC∆Rcos(ωt). (2.2)
The direct results from ST-FMR are measurements of the derivative of the torque
versus the voltage bias, which is often referred to as torkance (Figure 2.2 (c)). The
value of spin torque can be obtained by doing a numerical integration.
Of all the conventional methods, in the high bias regime that is relevant for
applications, we believe that the time-domain ST-FMR technique is the most
accurate and trustworthy, since it measures directly the amplitude and phase
of small-angle magnetic precession in response to an oscillating spin torque
and therefore is least susceptible to artifacts associated with heating, spatially
nonuniform magnetic dynamics, and changes in the DC resistance in response
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to spin torque.[55, 73] However, time-domain ST-FMR requires expensive, spe-
cialized equipment (i.e., a high-bandwidth oscilloscope and multiple pulse gen-
erators) (see Table 2.1). It is of great interest to develop a new type of ST-FMR
technique that is easy to implement and artifacts-free at a reasonably high bias.
In this chapter, we show that it is possible to use a simple network analyzer
measurement to determine the bias dependence of the spin torque vector, by
studying the resonant response of a magnetic tunnel junction subject to both
DC and microwave currents. We find excellent agreement with time-domain
ST-FMR measurements[55] made on the same devices.
2.2 Device Information
The MgO-based magnetic tunnel junctions (MTJs) that we study came from
the same batches measured in References [55] and [74], with resistance-area
products for the tunnel barriers equal to RA = 1.5 Ω · µm2 and 1.0 Ω · µm2.
We will present data for one sample with RA = 1.5 Ω · µm2, a resistance of
272 Ω in the parallel state, and a tunneling magnetoresistance (TMR) of 91%,
but we found similar behavior in three other samples. The device on which
we will focus has the layer structure (in nm): bottom electrode, IrMn pinned
synthetic antiferromagnet (SAF) [IrMn(6.1)/CoFe(1.8)/Ru/CoFeB(2.0)], tun-
nel barrier [MgOx], magnetic free layer [CoFe(0.5)/CoFeB(3.4)], capping layer
[Ru(6.0)/Ta(3.0)/Ru(4.0)]. Both the pinned layer and the free layer were pat-
terned into a circular cross section with a nominal 90 nm diameter. All the mea-
surements were done at room temperature. We confirmed that the device prop-
erties did not degrade during the process of measurement[75] by checking that
the device resistance and TMR remained unchanged. We will use a sign con-
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Figure 2.3: The network analyzer circuit used in the measurement.
vention that positive values of current correspond to electron flow from the free
layer to the reference layer (giving spin torque favoring antiparallel alignment).
2.3 Methods
We performed measurements with a commercial network analyzer (Agilent
8722ES, 50 MHz – 40 GHz) using the circuit in Figure 2.3. We measured the
microwave response in a reflection geometry, using a bias tee to allow simul-
taneous application of a DC bias to the MTJ. Before routing the reflected mi-
crowave signal to the network analyzer, we amplified it using a 15-dB amplifier
in combination with a directional coupler. The microwave gain of the amplifier
and transmission losses in other circuit components were calibrated by stan-
dard methods. Figure 2.4 shows an example of the real and imaginary parts of
the reflected signal as a function of frequency, in the frequency range exhibiting
spin-torque-driven magnetic resonance. These data correspond to a DC current
of -0.4 mA and an applied magnetic field H = 200 Oe oriented 70◦ from the ex-
change bias of the SAF reference layer, so that the initial offset angle of the two
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Figure 2.4: The measured reflection signal (S 11). (a) real part and (b) imaginary
part for IDC = -0.4 mA and a magnetic field H = 200 Oe applied 70◦ from the
exchange bias direction, giving θ = 61◦. The solid lines are a fit to eq. (2.3). The
dashed lines are the nonresonant backgrounds used in the fits.
magnetic layers is approximately θ = 61◦. The microwave excitation signal Vin
that we applied to the sample had an amplitude always less than 22 mV. Within
the model discussed below this results in magnetic precession angles < 3◦, and
we verified that the output signals scaled linearly with Vin as expected in the
linear-response regime.
To interpret these data, and to use them to measure the strength of the
spin transfer torque, we analyze the reflected microwave signal Vre f within a
macrospin model of the magnetic dynamics, combining the Landau-Lifshitz-
Gilbert-Slonczewski equation of motion for a magnetic tunnel junction subject
to an oscillating spin torque together with appropriate microwave circuit equa-
tions (See Reference [74] for details). The resulting (complex-valued) reflection
coefficient corresponding to the resonant magnetic response can be written
S 11 ≡ Vre fVin =
R0 − (50Ω)
R0 + (50Ω)
+
(50Ω)
R0 + (50Ω)
IDCχ(ω), (2.3)
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where
χ(ω) ≡ ∆R(ω)/Vin = − ∂R
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and the resonance frequency and current-dependent resonant linewidth are
ωm ≈ γMeff
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Here R0 is the differential resistance of the MTJ, ∆R(ω) is the oscillating part of
the DC resistance, θ is the angle between the magnetizations of the two elec-
trodes of the MTJ, α is the Gilbert damping parameter, MSVol is the total mag-
netic moment of the free layer, τ||(V, θ) and τ⊥(V, θ) are the in-plane and perpen-
dicular components of the spin torque, V is the voltage across the MTJ including
both DC and high-frequency terms, γ is the absolute value of the gyromagnetic
ratio, Nx = 4pi + H/Meff , Ny ≈ H/Meff , 4piMeff is the strength of the easy-plane
anisotropy field, and H is the component of applied magnetic field along the
precession axis. When both in-plane and perpendicular components of torque
are present, both the real and imaginary parts of the resonant signal consist
of a sum of frequency-symmetric and antisymmetric Lorentzian curves. Both
torque components can therefore be extracted by fitting the symmetric and an-
tisymmetric parts of either the real or imaginary response.
2.4 Results
The solid lines in Figure 2.4(a) and (b) show an example of the good agree-
ment we find when fitting eq. (2.3) to our resonance measurements. We observe
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Figure 2.5: The dependences on H and IDC of S 11. (a) Measured frequency de-
pendence of the real part of S 11 for several values of magnetic field applied 70◦
from the exchange bias direction, with IDC = -0.4 mA. The curves are offset by
0.01 vertically. (b) Measured frequency dependence of the real part of S 11 for
several values of DC current, with H = 200 Oe applied 70◦ from the exchange
bias direction. The curves are offset vertically by 0.01.
two resonances in each panel in Figure 2.4, one with large amplitude near 5.9
GHz and a second with smaller amplitude near 7.5 GHz. We perform separate
fits to the real and imaginary curves, employing four free parameters for each
resonance in a fit: the center frequency of the resonance, the amplitude of the
frequency-symmetric and antisymmetric Lorentzians, and the linewidth (taken
to be the same for both the symmetric and antisymmetric components). We al-
low for a small nonzero constant slope in the non-resonant background signals
(dashed lines in Figure 2.4) that may be associated with an imperfect capaci-
tance calibration.
The dependences on H and IDC for the real part of the resonances are shown
in Figure 2.5(a) and (b). As in Figure 2.4(a), the spectra contain one primary dip
in Re(S 11) together with a smaller side resonance at a higher frequency. The pri-
mary resonance shifts with H as expected from the Kittel formula [76] while the
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Figure 2.6: Measurement of the spin torque vector. (a) Bias dependence of the
in-plane and perpendicular components of the torkance ∂τ/∂V |θ determined by
fitting to the frequency dependence of Re(S 11) (red circles) and Im(S 11) (blue
diamonds) at different values of the DC bias. These data correspond to H = 200
Oe applied 70◦ from the exchange bias direction, giving θ = 61◦. For comparison,
we also show in gray the results on the same device from time-domain ST-FMR
measurements (triangles: for H = 250 Oe applied 95◦ from the exchange bias
direction giving θ = 85◦; squares: H = 200 Oe applied at 68◦ giving θ = 64◦).
(b) Integrated in-plane and perpendicular components of the spin torque vector
determined by integrating the network-analyzer data in (a), with representative
error bars.
secondary signal shifts more slowly and decreases in amplitude with increas-
ing field strength. We suspect that the secondary peak may involve coupled
motion of the magnetic layers in the synthetic antiferromagnet polarizing layer.
To avoid having this mode interfere with our measurements of spin torque, we
select values of magnetic field and magnetic field angle such that the secondary
mode has small amplitude and maximum separation in frequency from the pri-
mary mode. These are the same selection criteria used in Reference [55].
Based on eqs. (2.3) and (2.4), for any value of bias we can determine the spin
transfer torkances ∂τ||/∂V |θ and ∂τ⊥/∂V |θ from fits to the frequency-symmetric
and antisymmetric parts of the primary resonance in either Re(S 11) or Im(S 11).
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In calculating the torkances from the resonant amplitudes we use the following
parameters: MSVol = 1.8×10−14 emu (±15%),[55] 4piMeff = 13±1 kOe determined
from high-field measurements of the resonance frequency, and α = 0.016± 0.001
determined by measuring the resonance linewidth at positive and negative bi-
ases and interpolating to zero bias. In Figure 2.6(a), we plot the bias dependence
of the resulting torkances as found by the network analyzer technique. We nor-
malize the results by Sin θ since the spin torque of a MTJ is predicted to have
this angular dependence.[77] We note that the torkance values determined by
independent fits to the real and imaginary parts of the resonance agree, as is
required in order that our analysis procedure be self-consistent. Figure 2.6(a)
also shows a comparison to measurements on the same sample using the time-
domain ST-FMR technique introduced in Reference [55], whereby the magnetic
precession driven by a resonant spin torque is detected by a fast oscilloscope.
We find excellent agreement between the two types of measurements. The in-
plane component of the torkance, ∂τ||/∂V |θ, measured by the two techniques
agrees in magnitude near zero bias with the same moderate dependence on
bias, with no adjustment of parameters for either technique. The perpendicular
component ∂τ⊥/∂V |θ displays the same approximately linear bias dependence
at low bias. In Figure 2.6(b), we plot the full bias dependent torques τ||(V) and
τ⊥(V), obtained by numerical integration of the torkances.
2.5 Comparison with Previous Methods
The detailed comparison is shown in Table 2.2. Neither the network-analyzer
ST-FMR technique nor the time-domain ST-FMR technique can be used at V = 0,
because a non-zero DC bias is required to generate the oscillatory voltage signal
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DC-detected Time-domain Network Analyzer
Equipment
microwave
generator,
lock-in amplifier
microwave
generator,
high-bandwidth
oscilloscope,
pulse generators
network analyzer
Advantage
rapid, easy to
implement
can reach high bias
beyond DC
break-down voltage
rapid,
artifacts free,
as sensitive
as time-domain
Disadvantage
artifacts at
middle bias
range and above
does not work
for zero bias
does not work
for zero bias
Voltage Range low bias middle and high bias middle bias
Table 2.2: Comparison between the ST-FMR techniques including the network
analyzer technique.
that is measured (see Figure 2.6(a)). (For measurements near zero bias, DC-
voltage-detected ST-FMR can provide accurate torque measurements without
artifacts in the mixing signal.[71–73]) The time-domain ST-FMR technique al-
lows measurements to higher biases, because it is naturally implemented using
short bias pulses that are less likely to produce dielectric breakdown in the tun-
nel barrier, compared to the constant DC biases used in our network analyzer
technique. However, in the bias range shown in Figure 2.6(a,b) the network an-
alyzer method provides a more convenient approach in that it does not require
specialized, expensive equipment, while it yields a sensitivity comparable to
time-domain ST-FMR.
2.6 Summary
In summary, we demonstrate that it is possible to use a simple network-analyzer
technique to measure the strength and direction of the spin transfer torque vec-
tor as a function of bias in magnetic tunnel junctions. This technique provides
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roughly similar sensitivity as the time-domain ST-FMR method,[55] making it
useful as a simple and rapid means for characterizing spin-torque devices.
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CHAPTER 3
CONDITIONS FOR MICROWAVE AMPLIFICATION DUE TO
SPIN-TORQUE DYNAMICS IN MAGNETIC TUNNEL JUNCTIONS
Spin torque from a microwave current flowing through a magnetic tunnel
junction (MTJ) can excite resonant magnetic dynamics and hence resistance os-
cillations. When a DC current is also applied, the MTJ produces an oscillating
voltage at the frequency of the input signal. This oscillating voltage increases
with DC bias and can in principle become larger than the input signal, yielding
amplification. In this chapter, we discuss analytically with evidence from ex-
periments on how to design tunnel junction devices to achieve gains larger than
one. We find that voltage gains larger than 1 can be achieved in 2-terminal MTJs,
but that needs fine-tuning of the magnetic orientation and DC bias to make the
effective damping go to zero. Gains larger than 100 are achievable in optimized
3-terminal devices. The work discussed in this chapter was published in Refer-
ence [74].
3.1 Introduction
Spin transfer torque allows efficient current-controlled manipulation of the
magnetic moment in magnetic devices.[13–15] This mechanism is being applied
rapidly for technology: spin-torque-controlled magnetic nonvolatile random
access memory is nearing commercialization,[78] and other potentially use-
ful devices have been demonstrated including frequency-tunable microwave
sources,[46, 79, 80] frequency modulators,[81, 82] and microwave detectors.[54,
83] Here we analyze another potential application of spin-torque devices, as
microwave-frequency amplifiers.
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Figure 3.1: Illustration of the mechanism of microwave amplification in two dif-
ferent device structures. (a) For a standard 2-terminal magnetic tunnel junction.
(b) Proposed design for a 3-terminal device.
The idea of making a microwave amplifier using spin torque was first pro-
posed by Slonczewski,[84] and other amplification schemes have been proposed
using negative differential resistance [85] or magnetic vortex oscillations.[86, 87]
The mechanism of gain we will consider is illustrated for a simple 2-terminal
magnetic tunnel junction (MTJ) in Figure 3.1(a). An input microwave signal,
Vin, generates resonant magnetic precession via a spin-transfer torque exerted
on one electrode of the MTJ, and thereby produces resistance oscillations. If
a DC current is also applied, the oscillating resistance produces an oscillating
voltage by Ohm’s law that can be transmitted out of the MTJ as a reflected sig-
nal Vre f . If the applied DC current is sufficiently large, then the reflected signal
can be larger than the input signal, yielding amplification. We will analyze the
simplest case in which the MTJ magnetic layers are in-plane in equilibrium, and
the microwave drive excites small-angle, approximately spatially uniform mag-
netic precession.
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3.2 Analysis
The high-frequency signal generated by a MTJ in response to a microwave-
frequency input can be calculated using microwave circuit equations together
with methods to analyze the magnetic dynamics similar to those employed for
spin-torque ferromagnetic resonance (ST-FMR)[54, 58, 73] and thermally excited
ferromagnetic resonance.[63] Assuming that the waveguide contacting the sam-
ple has a 50 Ω impedance, the reflected signal arising from an input signal Vin(ω)
together with an oscillating resistance is
Vre f (ω) =
R0 − (50Ω)
R0 + (50Ω)
Vin(ω) +
(50Ω)
R0 + (50Ω)
IDC∆R(ω), (3.1)
where R0 is the differential resistance of the MTJ and ∆R(ω) is the oscillating part
of the DC resistance. The first term is the reflection that results from impedance
mismatch between the 50 Ω waveguide and the MTJ, and the second term is the
signal generated by the oscillating resistance. We assume small angle preces-
sion, so that ∆R(ω) = ∂R/∂θ|Iδθ(ω), where θ is the angle between the magnetiza-
tions of the two electrodes of the MTJ. To calculate the precession angle δθ(ω),
we approximate the magnetization of the free layer in the MTJ (the one that
precesses) as a spatially-uniform macrospin with direction mˆ, we assume that
the other magnetic electrode remains fixed, and we use the Landau-Lifshitz-
Gilbert-Slonczewski equation of motion:[13, 15]
dmˆ
dt
= −γmˆ × ~Heff + αmˆ × dmˆdt + γ
τ||(V, θ)
MSVol
mˆ × mˆ × Mˆ|mˆ × Mˆ| + γ
τ⊥(V, θ)
MSVol
mˆ × Mˆ
|mˆ × Mˆ| . (3.2)
Here ~Heff is the effective field acting on the free layer including the applied, de-
magnetization, and exchange fields; α is the Gilbert damping parameter; MSVol
is the total moment of the free layer; τ||(V, θ) and τ⊥(V, θ) are the in-plane and
perpendicular components of the spin torque;[73] V = VDC +δV(ω) is the voltage
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across the MTJ; and γ is the absolute value of the gyromagnetic ratio. The final
ingredient for a closed set of equations is to relate δV(ω), the oscillating part of
the voltage across the MTJ, to the input and reflected voltages:
δV(ω) = Vin(ω) + Vre f (ω) =
2R0
R0 + (50Ω)
Vin +
(50Ω)IDC∆R(ω)
R0 + (50Ω)
. (3.3)
This expression takes into account a feedback mechanism,[88] that the oscillat-
ing resistance will alter the voltage across the MTJ and will thus affect the spin
torque that drives the oscillation.
By solving eqs. (3.1) to (3.3) for a circular 2-terminal MTJ for which the mag-
netizations of both electrodes lie in the sample plane in equilibrium, we calcu-
late a (complex-valued) voltage gain:
S 11 ≡ R0 − (50Ω)R0 + (50Ω) +
(50Ω)
R0 + (50Ω)
IDCχ(ω), (3.4)
where
χ(ω) ≡ ∆R(ω)/Vin = − ∂R
∂θ
∣∣∣∣∣
I
R0
R0 + (50Ω)
γ
MSVol
× 1
ω − ωm − iσ
[
i
∂τ||
∂V
∣∣∣∣∣
θ
+
γNxMeff
ωm
∂τ⊥
∂V
∣∣∣∣∣
θ
]
,
(3.5)
ωm ≈ γMeff
√
Nx
[
Ny − 1MeffMSVol
(
∂τ⊥
∂θ
∣∣∣∣∣
V
+
(50Ω)
R0 + (50Ω)
IDC
∂R
∂θ
∣∣∣∣∣
I
∂τ⊥
∂V
∣∣∣∣∣
θ
)]
, (3.6)
σ ≈ αγMeff(Nx + Ny)
2
− γ
MSVol
(
∂τ||
∂θ
∣∣∣∣∣
V
+
1
2
(50Ω)
R0 + (50Ω)
IDC
∂R
∂θ
∣∣∣∣∣
I
∂τ||
∂V
∣∣∣∣∣
θ
)
. (3.7)
Here Nx = 4pi + H/Meff , Ny ≈ H/Meff , 4piMeff is the strength of the easy-plane
anisotropy field, and H is component of applied magnetic field along the
precession axis. The real and imaginary parts of S 11 correspond to the in-
phase and out-of-phase response. This calculation predicts resonance peaks at
the ferromagnetic resonance frequency, with line shapes as a function of fre-
quency as plotted in Figure 3.2. We have verified that the calculated signals
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Figure 3.2: The high-frequency response of 2-terminal MTJs. (a,b) Calculated
frequency dependence for the real (blue lines, left axes) and imaginary (red
lines, right axes) parts of S 11 for (a) a purely in-plane spin torque and (b) a
purely out-of-plane spin torque. When both torque components are present, S 11
is a weighted sum of the two contributions. (c) Points: real and imaginary parts
of the measured S 11 signal for a CoFeB/MgO/CoFeB MTJ with RP = 122 Ω, TMR
= 78% and RA = 1.0 Ωm2 for IDC = -1.0 mA and H = 300 Oe applied 145◦ from
the fixed-layers exchange bias direction. The lines are fits to eq. (3.4) with the
fit values ∂τ||/∂V |θ = 2.8 ± 0.5(~/2e)kΩ−1 and ∂τ⊥/∂V |θ = −0.5 ± 0.1(~/2e)kΩ−1. (d)
Points: measured gain for the same unoptimized MTJ and field bias. Line: pre-
diction of eq. (3.4) for ∂τ||/∂V |θ = 1.8(~/2e)kΩ−1 − 930I(~/2e)kV−1 and ∂τ⊥/∂V |θ =
−0.06(~/2e)kΩ−1 + 520I(~/2e)kV−1.
are in good agreement with network-analyzer measurements on (unoptimized)
CoFeB/MgO/CoFeB MTJs (Figures 3.2(c,d)), although for these samples the
gains are much less than 1.
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3.3 Calculation of the Gain for a 2-Terminal MTJ
We can estimate what is the maximum possible voltage gain from a simple 2-
terminal MTJ by evaluating eq. (3.4) using the following optimistic but reason-
able parameters: resistance for parallel electrode magnetizations RP = 50 Ω; tun-
neling magnetoresistance, TMR = 150%; MSVol = 5.8 × 10−15 emu; α = 0.01; H
= 100 Oe; 4piMeff = 1.1 kOe (assuming a reduction by about factor of 10 com-
pared to a typical metal ferromagnet due to the introduction of perpendicular
magnetic anisotropy[89]); τ⊥(V, θ) ≈ 3.8 V2sinθ(~/2e)kΩ−1V−1, and τ||(V, θ) ≈ 6.9
Vsinθ(~/2e)kΩ−1. These spin-torque values are determined by scaling the results
in Figure 3(b) of Reference [55] inversely by the ratio of the samples’ zero-bias
parallel resistances and assuming for simplicity that τ⊥ ∝ V2 and τ|| ∝ V . In
Figures 3.3(a), (c) and (d), we plot the magnitude of the maximum change in
S 11 near resonance. We find that voltage gains greater than one are possible,
but they require fine-tuning the offset angle and IDC very precisely to bias the
sample near the critical current where the bias-dependent linewidth σ goes to
zero, the threshold for exciting DC-driven auto-oscillations. Somewhat better
amplification might be achievable using devices biased to generate nonlinear,
large-angle precessional dynamics [90] not described within our small-angle ap-
proximation, but nevertheless we conclude that this need for fine-tuning near a
point of singular dynamics (i.e., adjusting for time-dependent sample variations
and thermal fluctuations) likely prohibits the use of simple 2-terminal MTJs for
microwave amplifier applications.
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Figure 3.3: Calculations of microwave amplification. (a) Log-scale color plot
of the calculated maximum value of ∆S 11 for an optimized 2-terminal MTJ, as
a function of IDC and the offset angle θ between the magnetization directions of
the two electrodes. The white regions at the upper left and lower right represent
parts of the phase diagram where the DC current generates auto-oscillations
with no applied oscillatory current. (b) Log-scale color plot of the calculated
maximum value of |S 21| for an optimized 3-terminal MTJ, as a function of the
DC current through the MTJ and the offset angle θ between the magnetizations
of the MTJ electrodes. (c) Comparison of the voltage gain factors for optimized
2-terminal and 3-terminal MTJs, for the values of θ shown by dotted lines in
(a) and (b). The current on the horizontal axis corresponds to the DC current
applied to the MTJ (not the spin valve in the 3-terminal device). (d) Zoom-in of
the data in (c), showing the detailed dependence near zero current.
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3.4 Calculation of the Gain for a 3-Terminal Device
Larger, controllable gains should be achievable in 3-terminal devices. This was
the approach originally proposed by Slonczewski.[84] We consider a geometry
similar to devices recently studied by Sun et al.[43] (Figure 3.1(b)), consisting
of a lower CoFe/Cu/CoFeB all-metal, low-resistance spin valve in which the
CoFeB free layer (assumed circular) can be manipulated by spin torque via non-
local spin injection, together with a MgO/CoFeB tunnel junction cap by which
the moving free layer can generate large resistance oscillations. This geome-
try can facilitate the application of large microwave currents through port 1 to
the metal spin valve to generate large free-layer oscillations, with the possibil-
ity to use a DC current ISV through the spin valve to control the bias-dependent
linewidth to be stably close to zero. The large-TMR MTJ with a separate DC bias
ITJ generates the output signal through port 2. We can use an analysis similar
to that employed above to estimate the voltage gain (S 21). Assuming that the
differential resistance for the MTJ is R0 and for the spin valve is RSV, the DC re-
sistance of the MTJ is RTJ, and the equilibrium orientations of all three magnetic
layers are in the sample plane,
S 21 =
Vout
Vin
= − ITJ
R0 + (50Ω)
(
2(50Ω)
RSV + (50Ω)
)
∂RTJ
∂θ
γ
2MSVol
×
(
1
ω − ωm − iσ
)
i
∂τ||
∂ISV
∣∣∣∣∣
θ
.
(3.8)
We have not included a perpendicular component of torque because this com-
ponent should be absent for all-metal spin valves.[58] For estimation purposes,
we use the optimistic parameters: RTJ = 50 Ω in the parallel configuration, TMR
= 150%, RSV = 3 Ω, MSVol = 5.8× 10−15emu, ∂τ||/∂ISV|θ= 0.4 sinθSV(~/2e),[91] and σ
= 3 ×107 rad/s (this is a factor of 100 reduction compared to a typical transition
metal ferromagnet; we assume a factor of 10 reduction by using perpendicular
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anisotropy to reduce 4piMeff[89] and another factor of 10 by using ISV to reduce
the bias-dependent linewidth, and we assume ISV is adjusted as a function of ITJ
to keep σ constant at this reduced value). Figures 3.3(b), (c) and (d) show the
calculated value of |S 21| near resonance as a function of ITJ and θ. This calculation
indicates that a voltage gain larger than 100 is achievable using physically rea-
sonable materials parameters. The associated power gain-bandwidth product
is |S 21(ωm)|2σ/pi ∼ 200 GHz and scales ∝ 1/σ. Even larger gains may be possible
using other sample geometries (e.g., employing a reference layer polarized out
of plane, while the free layer remains polarized in plane) or by applying out-of-
plane magnetic field to achieve a large-angle, nonlinear magnetic response.[90]
3.5 Discussion and Summary
Our analysis does not yet include consideration of noise.[92] The output noise of
the amplifier associated with thermal fluctuations of the free layer will increase
as the volume of the free layer is decreased so as to maximize the gain. This
will likely constrain the values of MSVol and H that can be employed when
optimizing device properties.
In summary, we have analyzed the conditions under which MTJ-based de-
vices might be used to generate resonant microwave amplification. Gain greater
than 1 is possible in principle even in simple 2-terminal tunnel junctions, but is
unlikely to be controllable because this requires biasing the sample very close to
a point of singular dynamics where the bias-dependent linewidth goes to zero.
However, 3-terminal tunnel-junction devices should be able to achieve control-
lable microwave voltage gains of at least 100.
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CHAPTER 4
RESONANCE MEASUREMENT OF NONLOCAL SPIN TORQUE IN A
THREE-TERMINAL MAGNETIC DEVICE
A pure spin current generated within a nonlocal spin valve can exert a spin
transfer torque on a nanomagnet. This nonlocal torque enables new design
schemes for magnetic memory devices that do not require the application of
large voltages across tunnel barriers that can suffer electrical breakdown. We
report in this chapter a quantitative measurement of this nonlocal spin torque
using spin-torque-driven ferromagnetic resonance. Our measurement agrees
well with the prediction of an effective circuit model for spin transport. Based
on this model, we suggest strategies for optimizing the strength of nonlocal
torque. The work discussed in this chapter was published in Reference [93].
4.1 Introduction
Spin transfer torque enables the efficient manipulation of magnetization in
nanoscale magnetic devices [13–15]. Spin torque due to the flow of a spin-
polarized charge current within conventional two-terminal magnetic tunnel
junctions (MTJs) and magnetic multilayer devices has been studied intensively
and is being developed for technology. In addition, it has been shown recently
that in multiterminal device structures (Figure 4.1 (a)) a spin torque can also be
exerted by a nonlocal pure spin current (meaning a spin current associated with
zero net charge flow, as distinct from a spin-polarized charge current) [43, 94–
96], in agreement with predictions [84]. This nonlocal spin torque can be suf-
ficiently strong to cause magnetic reversal (Figure 4.1 (b)) [43, 94–96]. How-
ever, thus far the only means of detecting nonlocal spin torques in multitermi-
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Figure 4.1: Nonlocal spin torque in a multiterminal device. (a) Multiterminal
device structure. (b) Magnetic reversal in the device driven by the nonlocal spin
torque. Adapted from Reference [94].
nal devices has been to observe full magnetic reversal, which does not provide a
quantitative torque measurement and which yields information only in the high
bias regime. Here we report measurements of nonlocal spin torque using spin-
torque-driven ferromagnetic resonance (ST-FMR) [54, 55, 58, 71–73], a technique
that is both quantitative and that operates for any applied bias. We compare the
measured nonlocal torque to the prediction of an effective circuit model of spin
transport, finding reasonable agreement, and we suggest strategies for further
optimization.
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4.2 Device
The device geometry we consider is a three-terminal structure consisting of a
lower all-metal spin valve with a MTJ on top (Figure 4.2(a)). Nonlocal spin-
torque switching has been measured previously by the IBM group in devices
with the same design, except for a slightly thicker spin injection layer [43].
An applied charge current passes from a bottom TaN electrode (terminal T1)
approximately 100 nm in diameter through an exchange-biased PtMn(17.5
nm)/Co70Fe30(3.5 nm) bilayer (magnetic layer F1) and out of the device laterally
through a PtMn(17.5 nm)/Co70Fe30(3.5 nm)/Cu(N)(30 nm) multilayer (terminal
T2), where Cu(N) means nitrogen-doped Cu. This generates spin accumulation
in the Cu(N) channel above the TaN contact. A pure spin current can then dif-
fuse to a 2 nm Co60Fe20B20 layer (magnetic layer F2) positioned above the Cu(N)
channel. This layer F2 will serve as the magnetic free layer in the experiment,
reorienting in response to the nonlocal spin torque. The cross section of F2 is
approximately an ellipse, 70 × 150 nm2, with the long axis parallel to the ex-
change bias direction of F1. We have also measured 80 × 120 nm2 and 90 × 200
nm2 devices with similar results. The device structure is completed by an MgO-
based MTJ positioned above F2, whose magnetoresistance (measured between
terminals T2 and T3) depends on the orientation of F2. We will discuss data for
a sample with a MTJ resistance of 30.9 kΩ in the parallel magnetic state with
a tunneling magnetoresistance of 39% and with a metallic channel resistance
(between the contact pads of terminals T1 and T2) of 23 Ω.
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Figure 4.2: Measurement circuit and device information. (a) Illustration of the
ST-FMR circuit. (b) Orientations of the magnetic moments of layers F1, F2, and
F3 when a magnetic field of 1.3 kOe is applied 75◦ from the exchange bias di-
rection. (c) Differential resistance vs. external magnetic field applied 75◦ from
the exchange bias direction. The resistances for parallel and antiparallel align-
ment between F2 and F3 are indicated. (d) (points) Measured ST-FMR signal
at 12 GHz for a magnetic field orientation 75◦ from the exchange bias direction
(θSV ≈ 35◦ at resonance) with ISVdc = 5 mA. (line) Fit to eq. (4.1) assuming a linear
dependence on H for the background.
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4.3 Methods
To perform an ST-FMR measurement of the nonlocal spin torque, we first ap-
ply a magnetic field H in the sample plane approximately perpendicular to the
exchange-bias direction so as to turn the magnetization of the free layer F2 away
from the magnetization of F1 and F3. Layer F2 has a small coercive field (∼ 30
Oe), so that to a good approximation in a magnetic field of order 1 kOe it aligns
to the field direction. Layers F3 and F1 are reoriented by lesser amounts because
F3 is part of a synthetic antiferromagnet and F1 is subject to an approximately
1.1 kOe exchange bias through interaction with PtMn (see Figures 4.2(b,c)). The
next step of the measurement is to apply a pulsed microwave-frequency current
with magnitude IappliedRF between the contact pads leading to terminals T1 and T2.
This produces an oscillatory nonlocal spin torque that causes the magnetization
of the free layer to precess. We measure the precession by detecting a dc volt-
age that results across the MTJ (between terminals T2 and T3) as a consequence
of mixing between the oscillating resistance of the MTJ and an oscillating cur-
rent IleakageRF of order 10
−3IappliedRF that flows through the MTJ. (If I
leakage
RF had been
too small to provide a mixing measurement of the resonance, we could also
have applied a separate microwave current directly to the MTJ to give the same
effect.) All measurements are performed at room temperature, and we use the
convention that negative currents correspond to electron flow in the direction of
the arrows in Figure 4.2(a) (giving a torque favoring parallel alignment between
F2 and F1).
Figure 4.2(d) shows an example of a nonlocal ST-FMR resonance peak mea-
sured for a fixed microwave frequency ω/(2pi) = 12 GHz, for a swept magnetic
field oriented 75◦ from the exchange bias direction of layer F1, and for a dc cur-
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rent ISVdc = 5 mA applied between terminals T1 and T2. We used excitation cur-
rents IappliedRF < 1.9 mA and verified that the output mixing signal scaled ∝ (IappliedRF )2
so that the magnetic response is in the linear regime.
The lineshapes of the nonlocal ST-FMR signals can be understood by model-
ing the dynamics of the magnetic free layer in a macrospin approximation and
adapting the theory used to analyze ST-FMR in a two-terminal MTJ [55], with
the result that the resonant part of the signal should have the simple form:
resonance ∝ cSS (ω,H) + cAA(ω,H). (4.1)
Here S (ω,H) = {1 + [ω − ωm(H)]2/σ2}−1 ≈ [1 + (H − Hm)2/(∆H)2]−1 is a symmet-
ric Lorentzian peak as a function of ω or H, A(ω,H) = {[ω − ωm(H)]/σ}S (ω,H)
is an antisymmetric Lorentzian with the same linewidth, ωm is the resonance
frequency at a given value of H (see Section 4.7 below), σ is the frequency
linewidth, Hm is the resonance field at a given value of ω, and ∆H ≈ σ/[dωm/dH]
is the field linewidth. The prefactors cS and cA are to a good approximation con-
stant as a function of H in the region of the resonance, but they depend on the
current and ω. The measurement may also contain a nonresonant background
that can depend weakly on H. The linewidth parameter σ is predicted (see Sec-
tion 4.7) to depend on the magnitude of the in-plane component τ|| of the spin
transfer torque in the form
σ ≈ αγMeff(Nx + Ny)
2
− γ
Ms × Vol
∂τ||(ISV, θSV)
∂θSV
∣∣∣∣∣
ISV
. (4.2)
Here α is the Gilbert damping coefficient, γ = 2µB/~ is the absolute value of
the gyromagnetic ratio, 4piMeff is the effective in-plane anisotropy of layer F2,
Nx = 4pi + H/Meff, Ny ≈ H/Meff , Ms × Vol is the total magnetic moment of F2,
ISV is the current in the spin-valve part of the device between terminals T1 and
T2, and θSV is the offset angle between F2 and F1. For an all-metal spin valve,
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the spin torque should have only an in-plane component (i.e., in the direction
mˆ × (mˆ × Mˆ)/|mˆ × Mˆ|, where mˆ is the orientation of the free layer moment and Mˆ
is the orientation of the polarizer layer) [15], so eq. (4.2) allows a measurement
of the full nonlocal spin transfer torque.
A fit of eq. (4.1) to a measured resonance lineshape is included in Fig-
ure 4.2(d), using the fitting parameters σ = (5.94 ± 0.08) × 108 radHz, and
cS /cA = −1.33 ± 0.03. We allow for a linear dependence on H for the nonres-
onant background, but ignore the weak dependence of θSV and σ on H near the
resonance. The fit in Figure 4.2(d) is excellent, and we observe a similar quality
of agreement for different values of ω, field angle, and ISV. From the measured
resonance frequencies, we determine 4piMeff = 13 ± 1 kOe (see also Section 4.7).
4.4 Results
The strength of the nonlocal spin torque can be determined most accurately
(see more explanation in Section 4.7) from the resonance measurement by using
eq. (4.2) to analyze the dependence of the resonance linewidth on ISV. A similar
approach has been used previously to measure spin torque in magnetic tunnel
junctions [63] and due to the spin Hall effect [2, 97]. We show in Figure 4.3(a)
the measured evolution of the resonance as a function of ISVdc (the dc component
of ISV), for ω/(2pi) = 12 GHz and a field orientation 75◦ relative to the exchange
bias direction. We observe that the linewidth depends linearly on ISVdc (Figure
4.3(b)). By fitting to eq. (4.2) and using as above that 4piMeff = 13 ± 1 kOe (with
MS = 1100 emu/cm3 [71] and with the free-layer volume Vol = 1.7 × 10−17 cm3),
we determine ∂τ||/∂ISV|θSV = 0.05 ± 0.01(~/2e) and α = 0.012 ± 0.002 for these
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Figure 4.3: Measurement of the nonlocal spin torque. (a) ST-FMR signals
measured, for different values of ISVdc , at 12 GHz for a magnetic field orienta-
tion 75◦ from the exchange bias direction (θSV ≈ 35◦ at resonance). Curves
are offset vertically by 0.2 mV. (b) Dependence of resonant linewidth σ on
ISVdc for the data in (a). (c) Efficiency of the in-plane spin torque, defined as
η|| = [2e/(~ISVcosθSV)]∂τ||/∂θSV|ISV , determined from ST-FMR measurements of σ
vs. ISVdc together with eq. (4.2), for different values of resonant microwave fre-
quency.
experimental conditions.
We have carried out similar measurements of linewidth versus ISVdc for field
angles of 60◦ and 75◦ and for field magnitudes yielding resonance frequencies
from 8 to 12 GHz. When comparing results for different fields, we take into
account that the nonlocal spin torque should be proportional to the component
of the spin current perpendicular to the free layer magnetization, so that τ|| =
(~/2e)η||ISVsinθSV (or ∂τ||/∂θSV|ISV = (~/2e)η||ISVcosθSV), where η|| is a dimensionless
efficiency. We estimate θSV by assuming that the magnetization of F2 aligns with
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Figure 4.4: Sweep-rate dependence of the critical current from the pulse switch-
ing measurement. Adapted from Reference [43].
the applied field and calculating the magnetization angle of F1 by assuming that
it responds as a macrospin to the combined action of H and the exchange field
Hex = 1.1 ± 0.2 kOe [98]. Figure 4.3(c) shows separate measurements of the spin-
torque efficiency η|| for a range of field magnitudes (0.6-1.3 kOe at an angle of
75◦), that correspond to resonance frequencies of 8-12 GHz and offset angles θSV
between 49◦ and 35◦. Our final overall value for the efficiency of the nonlocal
spin torque is η|| = 0.10 ± 0.02.
Sun et al. [43] performed spin-torque switching experiments with devices of
the same structure except with a slightly thicker injection layer F1 and obtained
a zero temperature critical switching current Ic0 = -6.84 mA for θSV near 180◦ and
Ic0 = 7.20 mA for θSV near 0◦ for a device cross section of 69× 161 nm2. (See Figure
4.4.) For an in-plane magnetized free layer in zero external field, Ic0 ≈ (2e/~) ×
(αMS × Vol/η||)(2piMeff) [99]. Therefore, the switching measurement can also be
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Figure 4.5: Modeling of the spin valve part of the device. (a) The spin valve
part of the device. (b) Effective circuit of (a) for modeling spin currents when
θSV = 90◦. The total current of spin angular momentum absorbed by layer F2 is
2(~/2e)IS.
used to estimate the spin torque efficiency η|| if α and 4piMeff are known. By using
the values obtained above from our resonance measurements, α = 0.012 ± 0.002
and 4piMeff = 13± 1 kOe, the switching currents from Reference. [43] correspond
to an in-plane spin-torque efficiency η|| = 0.07±0.02, consistent with our ST-FMR
result.
4.5 Calculation from Theory
The value of the nonlocal torque that should be expected theoretically can be
estimated using an effective circuit model [11, 100–102] for spin transport. For
the case θSV = 90◦, the simple effective circuit in Figure 4.5 (b) applies. (For other
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angles, as noted above, we expect the spin torque should be proportional to
sinθSV.) In this circuit model, we assume that the spin accumulation relaxes only
by flow to the free layer F2 or by flow through the normal contact N’ toward T2.
Using materials parameters appropriate to our sample geometry, we estimate
that the spin-dependent resistances appropriate for N’, the spin injector layer
F1, the Cu(N) spacer N, and the free layer F2 are approximately RN′ ≈ 0.6±0.2Ω,
RF1↑ ≈ 0.07Ω, RF1↓ ≈ 0.29 ± 0.08Ω, RN ≈ 0.44Ω, and RF2⊥ ≈ 0.016Ω (see detailed cal-
culation in Section 4.7). Solving the circuit, the calculated spin torque efficiency
is
ηcircuit ≡ 2ISISV =
RN
′
(RF1↓ − RF1↑ )
(RF1↓ + R
F1
↑ )(R
F2⊥ + RN + RN
′) + 2RN′(RF2⊥ + RN)
≈ 0.14 ± 0.04 (4.3)
The prediction of the circuit model is therefore in quite reasonable agreement
with our measurement.
To achieve optimal efficiency based on eq. (4.3), the device parameters
should satisfy three conditions: (i) a large intrinsic injector polarization P =
(RF1↓ − RF1↑ )/(RF1↓ + RF1↑ ), (ii) a small spin resistance for electrons going from the
injector to the magnetic free layer to apply a spin torque, RF2⊥ + RN  RF1↓ + RF1↑ ,
and (iii) a large spin resistance for electrons flowing toward terminal T2, RN′ 
RF2⊥ +R
N , so as to prevent spin current from escaping by this path rather than ap-
plying a torque to F2. However, in the existing device design, neither conditions
(ii) or (iii) are fully satisfied. To improve the spin torque efficiency, the effective
resistance of the spin injector (layer F1) can be increased relative to RN , perhaps
by using tunnel-barrier injection, by decreasing the thickness of the Cu(N) layer
below 30 nm, and/or by reducing the resistivity of the Cu(N) layer. The device
performance can also be improved by increasing RN′ relative to RN by reducing
the thickness of the 30 nm Cu(N) layer and/or by increasing the spin relaxation
length lN′SF by eliminating the PtMn/Co70Fe30 layers underneath the portion of
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the Cu(N) layer not adjacent to the injector region. If conditions (ii) and (iii) are
fully met, then the optimum nonlocal spin torque efficiency should equal the
injector polarization, ηcircuit = P, meaning that the nonlocal spin torque can be
made just as efficient as the spin torque in conventional two-terminal devices.
4.6 Summary
In summary, we have performed an ST-FMR measurement of the nonlocal spin
torque due to a pure spin current in a three-terminal device. We measure a spin
torque efficiency (∂τ||/∂ISV)[2e/(~ sinθSV)] = 0.10 ± 0.02. This agrees well with
the efficiency expected within an effective circuit model. Based on the circuit
analysis, we estimate that the nonlocal device geometry can be optimized so
that the strength of the nonlocal torque should reach ∂τ||/∂ISV = P sinθSV~/2e, the
same value expected for the local spin torque in two-terminal devices. Because
of the low resistance of the spin-valve current channel in the three-terminal de-
vices, the ratio of the spin torque to the applied power is already much greater
in the existing three-terminal devices than in two-terminal MTJs. The nonlo-
cal spin torque in three-terminal devices therefore possesses a combination of
virtues relative to conventional MTJs – reduced susceptibility to tunnel barrier
breakdown and reduced power consumption together with high spin torque
efficiency – that can make this device geometry an interesting candidate for ap-
plications.
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4.7 Appendices
4.7.1 Derivation of the Resonance Line Shape for Nonlocal ST-
FMR
To derive the line shapes of the nonlocal ST-FMR signals we adapt the theory
used to analyze ST-FMR in a 2-terminal MTJ [55]. We assume the free layer
is uniformly magnetized in the direction mˆ(t), while the other magnetic layers
remain fixed in response to IappliedRF . We use the convention that the z axis lies
in the sample plane along the equilibrium direction of mˆ in the absence of any
applied microwave current, with the x and y axes as shown in Figure 4.2 (b)
of the main paper. We assume that all of the magnetic layers have equilibrium
orientations in the sample plane, and that the dynamics of mˆ(t) are governed by
the Landau-Lifshitz-Gilbert-Slonczewski equation of motion:
dmˆ
dt
= −γmˆ× ~Heff +αmˆ× dmˆdt +γ
τ||(ISV, θSV)
MSVol
mˆ× mˆ × Mˆ|mˆ × Mˆ| +γ
τ⊥(ISV, θSV)
MSVol
mˆ × Mˆ
|mˆ × Mˆ| . (4.4)
Here Mˆ is the orientation of layer F1; MSVol is the total magnetic moment of F2;
θSV is the offset angle between F2 and F1; ISV = ISVRF + I
SV
dc is the charge current
between terminals T1 and T2; τ||(ISV, θSV) and τ⊥(ISV, θSV) are the in-plane and
perpendicular components of the current-induced torque; ~Heff = −NxMeffmx xˆ −
NyMeffmyyˆ is the effective field acting on F2, with Nx = 4pi + H/Meff , Ny = H/Meff ,
and H the component of external field along zˆ; γ = 2µB/~ is the absolute value
of the gyromagnetic ratio; and α is the Gilbert damping coefficient. We expect
that the spin torque within a nonlocal all-metal spin valve should have only an
in-plane component [15], but we include an out-of-plane component as well to
account for possible torques due to current-induced Oersted fields. The unit
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vectors mˆ × Mˆ/|mˆ × Mˆ| and mˆ × (mˆ × Mˆ)/|mˆ × Mˆ| in eq. (4.4) do not possess any
dependence on the magnetic field as long as it is applied in the sample plane.
By solving eq. (4.4) for a small enough IappliedRF that the magnetic response is in
the linear regime we find
my =
γISVRF
2MSVol
1
ω − ωm − iσ
i ∂τ||(ISVdc , θSV)
∂ISV
∣∣∣∣∣∣
θSV
+
γNxMeff
ωm
∂τ⊥(ISVdc , θSV))
∂ISV
∣∣∣∣∣∣
θSV
 , (4.5)
where
ωm ≈ γMeff
√
Nx
Ny − 1MeffMSVol ∂τ⊥(I
SV
dc , θSV)
∂θSV
∣∣∣∣∣∣
ISV
, (4.6)
σ ≈ αγMeff(Nx + Ny)
2
− γ
MSVol
∂τ||(ISVdc , θSV)
∂θSV
∣∣∣∣∣∣
ISV
. (4.7)
When the magnetization of F2 precesses, the angle between the magnetizations
of F2 and F3 changes as δθTJ = Re(my). We write that the current through the MTJ
can be separated into oscillatory and dc parts as ITJ(t) = δITJ(t)+ITJdc where δITJ(t) =
Re[IleakageRF e
iφ+ωt] and the phase φ is defined relative to ISVRF . (Because of parasitic
capacitances and/or inductances in the measurement circuit, this relative phase
φ between the microwave leakage current through the tunnel junction δITJ(t) and
the microwave current through the spin valve ISVRF is in general non-zero.) The
dc mixing voltage across the MTJ then takes the form
Vmix ≈ 14
∂2V
∂I2TJ
(
IleakageRF
)2
+
1
2
∂2V
∂ITJ∂θTJ
~γsinθSV
4eMsVolσ
IleakageRF I
SV
RF [cSS (ω,H) + cAA(ω,H)]
(4.8)
with cS = −ξ||cosφ + ξ⊥Ω⊥sinφ, cA = ξ⊥Ω⊥cosφ + ξ||sinφ, S (ω,H) =[
1 + (ω − ωm(H))2/σ2
]−1 ≈ [1 + (H − Hm)2(dωm(Hm)/dH)2/σ2]−1, A(ω,H) =
[(ω − ωm(H))/σ] S (ω,H), and Hm being the field value for which ωm = ω. Here
ξ|| = [2e/(~sinθSV)]dτ||/dISV and ξ⊥ = [2e/(~sinθSV)]dτ⊥/dISV represent the in-plane
and perpendicular torkances in dimensionless units and Ω⊥ = γNxMeff/ωm. As
we noted in the main text, the resonant lineshape [the final term in 4.8] is a
57
weighted sum of S (ω,H) (a symmetric Lorentzian peak as a function of ω or
H) and A(ω,H) (an antisymmetric Lorentzian), both with the same frequency
linewidth σ. The first term in 4.8 is a nonresonant background that may depend
weakly on H.
In order to obtain experimental data to fit to eq. (4.8), we performed the ST-
FMR measurements at fixed microwave frequency while sweeping magnetic
field, rather than at fixed field while sweeping frequency as in our previous
experiments [55, 58, 71, 73], because in a 3-terminal device it is not possible to
calibrate the externally-applied microwave current so that both ISVRF and I
leakage
RF
are simultaneously kept flat as the frequency is varied. In our fitting, we allow
for a linear dependence on H for the nonresonant background in eq. (4.8), but
we assume that ISVRF and I
leakage
RF are independent of H and we ignore the weak
dependence of θSV, θTJ, and σ on H near the resonance.
4.7.2 Why do We Determine the Spin Torque Magnitude from
the Resonance Linewidth rather than the Resonance Am-
plitude?
In principle, one can also measure the spin torque by analyzing the amplitude
of the ST-FMR resonance peak (see eq. (4.8) above), to reach a separate determi-
nation that is independent of our analysis of the resonance linewidth. We have
used analyses of resonance amplitudes previously to measure the magnitude
of the local spin torque in 2-terminal magnetic tunnel junctions [71, 73]. How-
ever, because the 3-terminal devices we analyze here were not designed with
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microwave-frequency experiments in mind, parasitic capacitances in the device
structure produce current shunting and a non-zero phase shift between ITJRF and
ISVRF that is difficult to quantify accurately. This adds significant uncertainty to an
analysis of the resonance amplitudes because it can alter the relative amplitudes
of the symmetric and antisymmetric parts of the resonance (see eq. (4.8) and the
definitions for cS and cA that follow it). For determining the magnitude of the
spin torque in our 3-terminal devices, it is therefore more accurate to analyze
the current dependence of the resonance linewidth, because this quantity has
no dependence on φ.
4.7.3 Estimation of Sample Parameters for the Effective Circuit
Model of Spin Transport
We estimate the spin resistances for the effective circuit drawn in Figure 4.5 (b)
of the main paper as follows:
The spin resistances of the Co70Fe30 spin polarizing layer F1 are estimated as
RF1↑ = 2ρF1tF1/[AF1(1 + P)] and R
F1
↓ = 2ρF1tF1/[AF1(1 − P)], with ρF1=130 nΩ·m [103]
the resistivity of this layer, tF1 = 3.5 nm its thickness, AF1 = 7900 nm2 its area,
and P = (RF1↓ − RF1↑ )/(RF1↓ + RF1↑ ) = 0.6 ± 0.1 [103, 104] its spin polarization. Here
we ignore any additional spin-dependent interface resistance because its effects
should be negligible [105]. We also make the rough approximation that tF1 ≈ lF1SF,
the spin diffusion length in CoFe. This has been measured to be lF1SF ≈ 9 nm at
4.2 K and should be smaller at room temperature [105].
For the spin resistance of the Cu(N) spacer layer we use RN = 2ρNtN/AN , with
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ρN = 60 nΩ·m [43], tN = 30 nm, and AN = 8200 nm2.
For the spin resistance of that part of the Co60Fe20B20 free layer F2 over which
an incident spin component with orientation perpendicular to the magnetiza-
tion of F2 will be reoriented by precession, we estimate RF2⊥ = 2ρF2lex/AF2, with
ρF2 = 130 nΩ·m [103] and AF2 = 8200 nm2. The precession length should be of
order the lattice spacing, lex ∼ 0.5 nm [15].
Finally, for the effective spin resistance corresponding to radial diffu-
sion away from the circular contact toward terminal T2, we estimate RN′ =
2ρN′ln[(reff + lN
′
SF)/reff]/(2pitN′). Here ρN′ = 60 nΩ·m [43], reff ≈ 25 nm is half the
injector radius, and tN′ ≈ 30 nm. lN′SF is an effective spin diffusion length for the
Co70Fe30(3.5 nm)/Cu(N)(30 nm) electrode that we estimate to be lN
′
SF ≈ 34 nm
± 50% based on a layer-thickness-weighted average of the relaxation rates in
Co70Fe30 and Cu [106].
Our final estimates for the resistances in the effective circuit are RF1↑ ≈ 0.07Ω,
RF1↓ ≈ 0.29 ± 0.08Ω, RN ≈ 0.44Ω, RF2⊥ ≈ 0.016Ω, and RN
′ ≈ 0.6 ± 0.2Ω.
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CHAPTER 5
X-RAY IMAGING OF MAGNETIC NORMAL MODES DRIVEN BY SPIN
TRANSFER TORQUE IN A MAGNETIC NANOPILLAR DEVICE
In this chapter, We will discuss imaging the magnetic dynamics driven
by spin transfer torque in a nanopillar device using time-resolved x-ray mi-
croscopy. We apply a microwave current to exert an oscillating spin torque
near the ferromagnetic resonance frequency of the free layer. This spin torque
drives the magnetic dynamics, which is detected by x-ray pulses synchronized
to the microwave signal. An analysis of the dynamics reveals different mag-
netic normal modes which vary as a function of microwave frequency and ap-
plied magnetic field. We are able to identify a spatially uniform mode and a
non-uniform edge mode. The non-uniformity is affected by the Oersted field
of the microwave current. We compare the imaging results with micromagnetic
simulations and find good agreement.
5.1 Introduction
Spin transfer torque can drive current-controlled magnetization dynamics in a
nanoscale magnetic device.[13–15] Understanding these dynamics is important
for applications such as spin transfer torque magnetic random access memory
(STT-MRAM) and frequency-tunable microwave oscillators.[35] Early analyses
of spin-torque-driven magnetization dynamics assumed for simplicity that the
moving magnetization behaves like a single domain as assumed in the Stoner-
Wohlfarth model (Figure 5.1 (a)).[99, 107] However, recent experiments on RF
excitation spectrum measurements [54, 57, 58, 61, 71, 72] show that non-uniform
magnetic excitations at high frequencies exist even in nanoscale magnetic de-
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Figure 5.1: Nonuniform dynamics driven by spin torque in nanoscale magnetic
devices. (a) Assumption of uniform magnetic dynamics. (b) DC-pulse-driven
spin torque switching imaged by x-ray. Adapted from Reference [109]. (c) ST-
FMR spectrum showing high frequency modes. Adapted from Reference [58].
(d) Bit error rate measurements of STT-MRAM devices. Adapted from Refer-
ence [108].
vices (Figure 5.1 (c)). The non-uniform magnetic dynamics can also complicate
the switching behavior for the STT-MRAM application [108] by sometimes in-
ducing abnormal bifurcated switching (Figure 5.1 (d)).
Direct imaging of the spatial structure of spin-torque-driven magnetic dy-
namics in nanoscale devices has been inaccessible until recently, when x-ray
magnetic circular dichroism (XMCD) was used to provide magnetic contrast in
soft x-ray microscopy to image spatial nonuniformities in magnetic switching
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Figure 5.2: Magnetic normal modes and corresponding power spectra excited
by external magnetic field. Adapted from Reference [115].
(Figure 5.1 (b)) [59, 109–111] and precession [112, 113] driven by large pulsed
currents. However, to understand the fundamental dynamical modes that can
be excited by spin torques, pulsed currents are rather complicated because they
excite many normal modes simultaneously. In addition to that, switching and
precession driven by pulsed currents are typically stochastic [114], while the
imaging involves the averaging of multiple current-pulse-controlled traces. The
stochastic features in the resulting images are washed out leaving only the re-
peating features.
The fundamental magnetic modes are called magnetic normal modes. Mi-
cromagnetic calculations [115] can predict magnetic normal models and give the
spatial distribution of the oscillation amplitude (Figure 5.2). Magnetic normal
modes with different symmetry can be excited using either RF magnetic field
or RF current and detected by mechanical-FMR measurement.[52] Direct imag-
ing of the magnetic normal modes that are excited by spin torque in nanoscale
devices should be able to measure spatially resolved magnetic dynamics and
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Figure 5.3: Magnetic normal modes with different symmetries. (a) Excited by
a uniform in-plane RF magnetic field. (b) Excited by an RF current flowing
perpendicularly through the device. Adapted from Reference [52].
differentiate different normal modes.
In order to image magnetic normal modes drive by spin torque, we apply
a continuous microwave current to exert an oscillating spin torque near the
magnetic resonance frequencies of different device modes [54, 58, 71, 72]. This
spin torque excites individual magnetic normal modes selectively, which are
then imaged by x-ray pulses synchronized to the microwave current. Similar to
magnetic-field-driven ferromagnetic resonance [116], ST-FMR is periodic and
repeatable, so that our images still capture the main features of the dynamics
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Figure 5.4: Device structure for imaging magnetic normal modes.
even with multiple averages.
5.2 Device Fabrication
We fabricated the nanopillar devices (Figure 5.4) on a Si substrate coated with
150 nm of low stress (film tension < 200 MPa) silicon nitride film on both
sides. The devices have a spin valve structure with the following layers (in
nm): {Ta(3)/CuN(20)}2/Ta(3)/Cu(2)/Py(40)/Cu(6)/Co90Fe10(5)/Cu(4)/Ru(4),
where Co90Fe10 and Py serve as the free layer and the fixed layer respectively.
The multilayer film was deposited in a DC magnetron sputtering system with a
base pressure below 10−8 Torr. An elliptical shape of 100 × 250 nm2 was defined
by e-beam lithography and then etched in an Ar ion mill with an end-point de-
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Figure 5.5: Measurement diagram of the x-ray imaging of magnetic normal
modes.
tector. The etching was stopped aiming at the Py/Cu interface thus leaving the
fixed layer extended with the polarizer defined right underneath the free layer.
A 50 nm layer of Cu was deposited to make the top contact to the device. To
form the suspended nitride membrane, the Si substrate is etched anisotropically
in heated KOH solution (25% at 85 ◦C), using RIE-patterned silicon nitride on
the back side of the substrate as the etch mask.
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Figure 5.6: ST-FMR measurements with changing microwave frequency and
magnetic field to identify different normal modes.
5.3 Methods
We excited the magnetic dynamics using current-induced ST-FMR with an in-
plane external magnetic field applied along the hard axis of the elliptical sample
(see Figure 5.5). Before the x-ray imaging, the ST-FMR mixing voltage was mea-
sured as a function of changing microwave frequency and magnetic field. The
measurement results for a device we studied are shown in Figure 5.6. We can
see two branches of peaks labeled by the blue and red dotted lines. We then
used Scanning Transmission X-ray Microscopy (STXM) to image those different
magnetic modes.
We measured the polarization-dependent changes in x-ray absorption on the
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Figure 5.7: Schematic layout of the STXM endstation.
STXM endstation at the Advanced Light Source (Figure 5.7). The x-ray pulses
have a pulse width of 70 ps and a frequency of 500 MHz. We adjust the x-
ray energy at the Co L3 edge (778 eV). As shown in Figure 5.5, the sample is
aligned with its normal at 30◦ relative to the incident x-ray, so that the in-plane
orientated magnetization projects on the direction of the incident x-ray. Using
XMCD, the magnetic contrast of the in-plane magnetization is imaged. The mi-
croscope uses a zone plate to focus the x-ray beam into a spot on the sample. The
sample is moved in the sample plane during the imaging process to scan across
the device area. The scan is controlled by an interferometer to give a precise
movement. The spatial resolution on the sample is about 30 nm, and each pixel
is 10 × 10 nm2. The x-ray pulses were synchronized to the driving microwave
current to produce a stroboscopic image using a phase-locked feedback circuit;
hence we made a full use of the multi-bunch ultra-fast x-ray source. The x-ray
pulse came in only at the desired phases of the dynamics, and we had a cor-
respondence between the electron bunches in the synchrotron storage ring and
the dynamical phases. We are able to image eight equally-spaced phase points
within the precession period, and the interval between neighboring phases goes
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down to 25 ps (at 5 GHz) with some convolution between phases due to the lim-
itation of the pulse width.
5.4 Results
We imaged the magnetic dynamics with a driving microwave frequency from 2
to 5 GHz and an applied magnetic field from -250 to 250 Oe. Modes at higher
frequencies require higher applied magnetic field, which will likely diminish
the spin torque by decreasing the offset angle between the fixed and free layers
and provide worse time resolved signal due to the convolution of phases within
a single pulse. The contrast images in Figure 5.8 (a) were made by dividing the
images taken at each phase with the average of all phases. The time dependence
and spatial nonuniformity of the magnetic dynamics are evident.
For quantitative analysis, we Fourier transformed the time resolved images
to get the spatially distributed amplitude and phase of the mode (see Figure
5.8 (b)). For the mode in Figure 5.8, the amplitude exhibits small variations
over the device area while there are large and striking variations in phase, with
the phase data separating the device into the upper right and lower left halves
having opposite phase.
The magnetic normal modes can be better understood with micromagnetic
simulations. We performed three-dimensional micromagnetic simulations us-
ing a finite element based simulation platform for spintronics, SpinFlow 3D.
To simulate the experiment, the magnetic field is set to be along the hard axis
with a 7◦ offset angle. The micromagnetic equilibrium state at a given external
magnetic field is first calculated. Then the normal modes are calculated using a
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Figure 5.8: X-ray imaging of the E1 labeled in Figure 5.6. (a) Magnetic contrast
images for the normal modes labeled as E1 in Figure 5.6. The eight panels corre-
spond to eight phases equally spaced in precession period. (b) Amplitude and
phase results by doing Fourier transform in the time domain for the images in
(a). (C) Same type of results from micromagnetic simulation using SpinFlow
3D.
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micromagnetic eigensolver. In our simulation, we only simulate the dynamics
of the free layer and leave the extended fixed layer completely pinned. We set
the free layer to have a cross section of 90 × 180 nm2 and a thickness of 5 nm sim-
ilar to the dimensions in the experiment, with magnetic properties appropriate
for CoFe. We use a mesh size of 5 nm. We show the results from micromag-
netic simulations using the SpinFlow 3D package. The phase distribution of the
simulation corresponds very well with the experiment. The amplitude is not as
symmetric as in the simulation, because the configuration during the imaging
is the slightly off resonance, while the simulation is at resonance.
We imaged two more dots, E2 and U on the spectrum, and we plot out the
amplitude and phase of both experiment and simulation for all three dots in
Figure 5.9. Again the phase distribution agrees very well between the measure-
ment and the simulation. Dot U has a uniform distributed phase, and E2 is
divided into two halves in phase just as E1. The amplitude distribution of E2
shows large amplitude near the upper and lower edges, which agrees with the
simulation. We conclude that U corresponds to a uniform mode, and E1 and E2
correspond to a nonuniform edge mode.
5.5 Discussion
To understand the existence of the two kinds of normal modes, we consider a
small portion of the free layer. Its magnetic dynamics can be described using
the Landau-Lifshitz-Gilbert-Slonczewski equation of motion locally
dmˆ
dt
= −γmˆ × ~Heff + αmˆ × dmˆdt + γ
τ(I, θ)
MSVol
mˆ × mˆ × Mˆ|mˆ × Mˆ| . (5.1)
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Figure 5.9: Amplitude and phase results of the all the normal modes labeled in
Figure 5.6.
Here m and M are the local magnetization of the free layer and fixed layer; ~Heff is
the local effective field including the applied, Oersted, demagnetization, and ex-
change fields; α is the Gilbert damping parameter; MSVol is the local moment;
τ(I, θ) is the spin torque that lies in the sample plane; I is the current flowing
through the small portion of the sample; and γ is the absolute value of the gy-
romagnetic ratio. The uniform mode is preferred by the spin torque [99]. The
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non-uniform mode here is evidently dividing the device into upper and lower
halves with opposite phase. The dipole field from the fixed layer often leads
to spatial non-uniformity of the free layer [89, 117]; however, the fixed layer of
our device is left extended so that the dipole field from the fixed layer is kept
small. We were applying a large microwave current through the device, and the
microwave current can apply a significant Oersted field on the device. On the
upper and lower halves, the Oersted field has opposite signs hence produces
opposite torques that lead to opposite signs of contrast.
The micromagnetic simulation also helps understand the evolution of the
modes. In Figure 5.10, the resonance frequency of each mode is shown as a
function of external magnetic field for positive field values. Three different nor-
mal modes are identified from the simulation shown with their amplitude and
phase distribution. According to the amplitude and phase information, the red
line corresponds to a uniform mode with in-phase precession across the whole
device, the blue line corresponds to an edge mode with out-of-phase precession
of the two edges, and the black line corresponds to a more complex non-uniform
mode. At high field, the frequencies of the modes all increase monotonically
with field. At low field, the frequencies of the first two modes show dips as a
function of field due to the dipole field from the unsaturated free layer, and dif-
ferent modes cross over. The simulation agrees well with the ST-FMR spectrum
except the dip of the blue line positioned at a nonzero field. This is likely due
to the dipole field from the finite size fixed layer in the simulation. For negative
field values, the simulation shows the same results with an opposite symmetry.
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Figure 5.10: Evolution of the normal modes calculated by micromagnetic simu-
lations.
5.6 Summary
We performed x-ray imaging of spin-torque-driven magnetic dynamics in a
nanopillar device, and we identified different magnetic normal modes in a spin
torque device that have different structures in amplitude and phase. Our results
from the time-resolved x-ray microscopy, ST-FMR spectrum measurement, and
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micromagnetic simulation are qualitatively consistent with each other. We are
working toward a quantitative comparison between the experimental ampli-
tude/phase results and the micromagnetic simulations. Our results are impor-
tant in understanding the fundamental physics in spin torque devices and in
developing applications related to spin torque dynamics.
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CHAPTER 6
SPIN TORQUE SWITCHING IN GaMnAs MAGNETIC TUNNEL
JUNCTIONS
6.1 Introduction
Spin torque driven magnetic switching has attracted substantial interest for ap-
plications such as MRAM. The efficiency of spin torque switching is inversely
proportional to the saturation magnetization of the free layer.[99] GaMnAs has
diluted saturation magnetization.[118] For spin torque switching, it needs only
1/100 of the current density as needed for a metal device [119]. Since GaMnAs
is a ferromagnetic semiconductor, it also provides a way to integrate spin torque
device into a semiconductor circuit.
In GaMnAs, Mn ions substitute for Ga ions in the GaAs lattice. The con-
centration of Mn is around 5%. A Mn dopant has a Mn2+ valence state with a
half-filled d-shell having spin 5/2. Each Mn dopant acts as an acceptor to local-
ize a valence band hole. The valence band hole near each Mn dopant tends to
have an opposite spin orientation to the Mn dopant, because of hybridization
and level repulsion between orbitals of the same spin [118]. The valence band
holes spread out and can interact with many Mn ions. If the holes have a high
enough concentration, they can mediate effective interactions between most of
the Mn moments, which induces ferromagnetism as shown in Figure 6.1. The
Curie temperature of optimized samples can reach 170 K. Because the Mn mo-
ments have a low concentration, the saturation magnetization of GaMnAs is
about 1/100 of conventional ferromagnetic metals.
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Figure 6.1: Carrier-induced ferromagnetism in GaMnAs. Adapted from Refer-
ence [118].
Figure 6.2: Current induced magnetic switching in GaMnAs devices. (a)
Adapted from Reference [120]. (b) Adapted from Reference [121].
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Figure 6.3: GaMnAs multilayers. (a) MBE growth of the multilayers. (b) Multi-
layers structure and functionality.
Spin torque switching has been demonstrated in previous works [120, 121].
However, the device resistances for these two works were about 300-400 kOhm,
which means that Ohmic heating might have affected the switching. In our
study, we worked on fabricating low resistance GaMnAs magnetic tunnel junc-
tions and spin-valve samples in order to minimize the heating effect and study
the switching purely by spin torque. The measurement of spin torque driven
magnetic dynamics also enables us to study the magnetism related physics in
GaMnAs.
6.2 Device Fabrication
The GaMnAs multilayers were grown in an ultra-high vacuum chamber with
low-temperature molecular beam epitaxy at 250 ◦C (Figure 6.3)[122]. They
had the layer structure (in nm): GaAs substrate/Be doped GaAs (250)/GaM-
nAs(7)/GaAs(4)/GaMnAs(30)/MnAs(6). The thick Be doped GaAs acts as a
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Figure 6.4: GaMnAs device fabrication process.
buffer layer. The thin and thick GaMnAs layers are the free layer and fixed
layer respectively. The undoped GaAs layer is the tunnel barrier. It was grown
much thinner in our devices than in previous works [120, 121] in order to make
low RA devices. MnAs provides an exchange bias to the fixed layer. Since it is a
metal, it also provides a good contact with top metal leads, which also helps to
minimize the resistance-area product of the devices.
The nanofabrication procedure follows a nanopillar process developed pre-
viously at Cornell [123]. The MBE grown thin films are on small chips rather
than whole wafers. For e-beam lithography and photolithography, chip carriers
are used, and job files are written according to the size and shape of each chip.
The fabrication has eight major steps starting from the magnetic multilayers
bulk material as shown in Figure 6.4:
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1. E-beam lithography. Define a 50 nm thick carbon pattern as etch mask for
the nanopillar. The size of the pattern varies from 2 × 1 µm2 to 500 × 250
nm2.
2. Define leads. Use photolithography to define the bottom leads and contact
pads. Then use ion milling to etch the multilayers into the substrate.
3. Define pillar. Use photolithography to cover the contact pads and expose
the carbon mask. Then use low power ion mill to etch the nanopillar,
stopping in the buffer layer. The ion mill process involves a small angle
etch and a large angle side wall clean.
4. Deposit oxide. Use e-gun evaporated and plasma enhanced chemical va-
por deposited SiO2 to protect from oxidation and insulate the nanopillar.
5. Planarization. A large angle ion mill process to thin down the oxide above
the pillar.
6. Open pads. Use HF or RIE to etch the oxide above the contact pads.
7. Open pillar. Use ion milling to etch the oxide above the carbon mask until
it is exposed. The step involves repeating etch and oxide thickness mea-
surements to ensure an accurate etch depth.
8. Deposit top leads. Use an oxygen plasma to remove the carbon above the
nanopillar and deposit copper top leads. The red arrow in the final panel
of Figure 6.4 shows the current direction in a finished device.
One of the crucial steps is the e-beam lithography. Since the GaMnAs mul-
tilayer is single crystal, the crystal anisotropy axes have to be considered. As
shown in Figure 6.5 (a), the GaMnAs cubic easy axes are oriented with a 45◦
angle from the GaMnAs uniaxial easy axis and MnAs easy axis. Since the ex-
change bias from MnAs will pin the GaMnAs fixed layer along its uniaxial easy
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Figure 6.5: GaMnAs device cross section. (a) Orientation of the cross section
with respect to GaMnAs multilayers crystal axis. (b) SEM image of the cross
section before the ”Open Pillar” step.
axis, the elliptical shape is defined to orient along that axis. The cubic crystal
anisotropy will pin the magnetization near its local energy minimum that corre-
sponds to steps in the field switching curves shown in the next section. Figure
6.5 (b) shows a SEM image of the cross section for a 500 × 250 nm2 sample.
6.3 Electrical Measurement
To characterize the devices, we first measured the differential resistance while
sweeping the magnetic field. All the electrical measurements were done in a
cryogenic probe station at about 10 K with liquid helium cooling. Figure 6.6
shows the result from a device with a cross section of 1000 × 500 nm2. In Figure
6.6 (a), the free layer switches at low field, while the fixed layer switches at a
much higher field. The coercive fields of the fixed layer along positive and neg-
ative field directions differ for by 150 Oe, which is due to the exchange bias and
dipole field from the MnAs layer. The exchange bias observed at the interface
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Figure 6.6: Field scan of the differential resistance for a GaMnAs device with a
cross section of 1000 × 500 nm2. (a) Major loop. (b) Minor loop.
of MnAs/GaMnAs here is weak compared with the IrMn based exchange bias
in metal devices.[124] Figure 6.6 (b) is the minor loop measurement. It show
clear steps in the free layer switching that corresponds to additional pinnings
of the cubic crystal anisotropy. The minor loop is offset by -31 Oe due to the
dipole from the fixed layer. The measurements shows a parallel resistance RP =
68 Ω and TMR = 53%. Our devices therefore have a small RA product while still
maintaining a large TMR ratio.
We did the current switching measurement next. The measurement is done
by first setting the magnetization configuration by ramping the field then doing
the current pulse scan. Each point is taken at zero bias after applying a current
pulse. The scan is not a quasi-static scan. The positive current direction shown
in Figure 6.7 (a) is from fixed layer to free layer favoring antiparallel configura-
tion. The carriers in GaMnAs are holes, and the holes have opposite spins as of
the Mn ions. The sign convention is consistent with hole-mediated ferromag-
netism of GaMnAs.
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Figure 6.7: Current scan of the differential resistance for the GaMnAs device. (a)
Direction of the positive current. (b) Current scan.
Figure 6.8: Measured partial switching phase diagram.
Figure 6.7 (b) shows a typical current scan of the 1000 × 500 nm2 device
shown in Figure 6.6 at -31 Oe. The critical current of magnetic switching can
be read from the current scan, which is about 0.2 mA for this device. From the
current scans, the critical current density can be calculated. It is in the 105 A/cm2
range.
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We did current scans at different applied field and mapped out the switching
phase diagram. We show the switching phase diagram for a 500 × 250 nm2 de-
vice in Figure 6.8. The squares corresponds to parallel to antiparallel switching,
and the dots corresponds to antiparallel to parallel switching. We fit the lines
and get the slope of the phase boundaries, SlopeAPtoP = 6.6 ± 0.9 × 106 AT−1cm−2
and SlopePtoAP = 7.6 ± 0.9 × 106 AT−1cm−2, which is consistent with the results
from Reference [120]. Our results on larger devices with a 1000 × 500 nm2 cross
section give similar critical current density values.
6.4 Summary
We fabricated GaMnAs MTJs with 10s of kΩ resistance and 50% TMR at 4.2 K.
We observed spin torque switching with current density of 105 A/cm2, which
is 1/100 of a metal device that is consistent with the hole-mediated ferromag-
netism in GaMnAs. Our measured critical current density is similar to Chiba et
al.[120] and Elsen et al.[121].
For the future study, to get more quantitative results, ms- and ns-scale pulses
can be used to measure spin torque switching. The ST-FMR technique can also
be applied to quantitatively measure the spin torque in GaMnAs MTJs. How-
ever, with a large steady-state bias the MR becomes small [121], which is a chal-
lenge for measurements such as ST-FMR.
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CHAPTER 7
CONCLUSION
I have discussed quantitative measurements of spin-torque-induced mag-
netic dynamics with different device structures. The measurements can provide
information including properties of the device and the magnetic dynamics.
I have demonstrated a simple and easy way of using a network analyzer
to characterize MTJ devices. The technique can provide information such as
the strength of the spin torque and magnetic damping of the free layer. I also
discussed the possibility of achieving microwave frequency gain in MTJ based
devices. We found that gains larger than 1 can be achieved in 2-terminal MTJs,
but the magnetic configuration and applied current are difficult to tune for a
controllable amplification. Voltage gains above 100 might be achieved in opti-
mized 3-terminal devices.
In the discussion of the measurement of the nonlocal spin torque, I showed
the first quantitative measurement of the nonlocal torque at all biases. Our re-
sults agrees with pulse switching experiments at high bias and calculation from
theory. Our analysis gives suggestions to optimise the nonlocal spin torque so
that it can be as efficient as in a 2-terminal MTJ.
In the X-ray imaging of spin torque driven magnetic normal modes, we have
identified and imaged different normal modes with different symmetries that
depend on applied magnetic field and microwave frequency. They can be ex-
plained using micromagnetic simulations.
I also discussed our progress in fabricating and measuring ferromagnetic
semiconductor spin torque devices. We have made low RA MTJs compared
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with previous works and achieved magnetic switching using spin torque.
As the development of applications such as STT-MRAM leads to prototype
products, the specialized characterization of individual devices becomes more
and more important to understanding the device physics and overcoming tech-
nical obstacles. For example, a good measurement of the spin torque efficiency
and magnetic damping is essential for developing small MTJs beyond the 20
nm node. The techniques developed in this dissertation will be very practical
for such characterizations and also characterizations of new material and de-
vice structures involving spin torque. The techniques and results in the X-ray
imaging chapter can also be very interesting for a better understanding of spin
torque driven magnetic dynamics.
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